Abstract: An enhancement in the electrical performance of low temperature screen-printed silver nanoparticles (nAg) has been measured at frequencies up to 220 GHz. We show that for frequencies above 80 GHz the electrical losses in coplanar waveguide structures fabricated using nAg at 350 o C are lower than those found in conventional thick film Ag conductors consisting of micron-sized grains and fabricated at 850 o C. The improved electrical performance is attributed to the better packing of the silver nanoparticles resulting in lower surface roughness by a factor of three. We discuss how the use of silver nanoparticles offers new routes to high frequency applications on temperature sensitive conformal substrates and in sub-THz metamaterials.
INTRODUCTION
Materials composed of metallic nanoparticles often exhibit strikingly different properties when compared with their bulk counterparts. The higher proportion of atoms on the surface of nanoparticles tends to result in higher surface free energies and greater chemical reactivity. This enhanced reactivity of metallic nanoparticles has attracted considerable attention as potential catalyst materials 1 and for improved gas sensor performance 2 and at THz and optical frequencies, associated plasmonic 3 effects lead to enhanced light adsorption in solar cells 4 . Metallic nanoparticles can be used in surface enhanced Raman spectroscopy 5 for molecular and bimolecular identification. A key material property of metallic nanomaterials is their lower melting temperature compared with bulk metals 6 . For example, the melting point of bulk silver is 960 o C whereas silver nanoparticles have a lower melting temperature which depends upon their diameter via the Gibbs-Thomson effect 7, 8 . For example, Yeschenko et al. 9 showed that the melting point of silver nanoparticles embedded in a silica matrix varied between 350 o C (30 nm diameter) and 160 o C (8 nm diameter). A reduction in the melting temperature was also seen recently by Little et al. for silver films formed into nanometer sized islands on Si substrates 10 ;
both approaches employed optical (plasmon based) methods to determine the onset of melting.
Although the Gibbs-Thompson description is widely employed, Gunawan and Johari showed that in more complicated systems, such as 30 nm diameter Zn (core) nanoparticles with a ZnO (shell) coating, the reduction in melting temperature from the bulk value was considerably less (only by 1-2 o C) 11 . They attributed this to a complex interaction between the Zn core and oxide shell and concluded that the Gibbs-Thompson description is valid when the melting species is in equilibrium with its vapour and when it is not confined. This is an important consideration for nanometallic composite material systems which possess a low metallic content. 
EXPERIMENTAL SECTION Sample preparation.
Two types of silver material are examined in this study; one consisting of nanometallic silver and one consisting of micron-sized grains and both produced by a thick film fabrication process. The thick film fabrication process consists of materials usually composed of (i) fine metal powder,
(ii) an inorganic binder: such as a metal oxide and (iii) an organic vehicle which evaporates during the initial drying process. After firing the metal particles atoms stick to each other and form strong bonding and dense atomic packing. In this study 'conventional thick film silver' refers to the use of micron sized silver grains; nAg refers to nanoparticles of Ag with the inorganic binder replaced by polymethyl methacrylate (PMMA). Nanoparticles of silver (up to 18 nm diameter before heating) were obtained from the thermal decomposition of silver salts of palmitic acid followed by pre-grounding and ultrasonic agitation. The powders were then placed 
Electrical characterisation
Electrical characterization of the CPWs has been performed in the frequency range of 45 MHz to 110 GHz and from 140 GHz to 220 GHz. The electrical characteristics (scattering S-parameters) of the samples were measured using an HP 8510C vector network analyzer 19 . Here the S 21 insertion loss, L, is presented in both dB per unit length (dB/mm) and dB per wavelength (dB/; the latter quantity being a key design parameter since many dimensions in high frequency electronics are specified as a fraction of a wavelength e.g. a half-wavelength filter or a quarterwavelength coupler. The insertion loss per wavelength was found by converting the physical length, l, of the conductor to its corresponding electrical length 20 . A low-loss gold standard electrode (length 0.2 mm) was used as a reference sample and losses per unit length as a function of frequency were found from equation
Defining the signal loss in this way has the advantage of removing any system errors in the measurement and allows us to avoid the need to remove the impedance mismatch at the probecircuit interface using a de-embedding procedure. The average signal loss calculated from measurements made on five different Ag and five different nAg samples is presented in Figure 3 .
RESULTS AND DISCUSSION
In the lower frequency range, Figure 3 does not depend significantly on frequency. This conclusion is significant and indicates that the electrical loss at these frequencies will become independent of the electrical size of a passive component or in a metamaterial structure.
With these results in mind it is therefore immediately tempting to try to extract the capacitance, inductances and resistances per unit length using the standard textbook analysis 20 to quantify the electrical properties of the conductor. This discrete circuit component approach has been previously successfully applied to electrode geometries consisting of a number of nanoconductors such as single carbon nanotubes (CNTs) or small bundles of nanotubes 21 .
However, this approach is only valid when the electrical length of the conductor is no more than about 1/20 of the signal wavelength 20 . For example, in the study of the electrical characteristics of CNTs by Jun et al. 21 , the CNT was 7 m long and at 50 GHz, we calculate that the electrical length in that study to be 0.0027 -safely below the 0.05limit. For our 25 mm long conductors we calculate the electrical length at 10 GHz to be 1.9 which is clearly much longer than 0.05.
However despite this limitation we can still explain the electrical results obtained.
In a recent study by some of us, the high frequency characterization of carbon nanotube (CNT) -polymer nanocomposites based conductors, with 10 wt% CNT content, also revealed low electrically losses 19 . In that study it was proposed that the enhanced electrical conduction was brought about because of capacitive coupling between individual or small bundles of nanotubes. The overall impedance was found to be controlled by the impedance associated with the capacitive behavior which decreased at higher frequencies and was the reason for the In order to explain the lower electrical losses found in the nAg CPWs, it is worth recalling that the electrical loss of a conductor has both a bulk and surface component; the importance of the latter becoming more and more important at higher frequencies as the skin depth of the conductor is reducing. The similarity of the losses in the lower frequency range (Figure 3a) suggests that the overall electrical loss is being determined by the bulk properties of the two conductors, however, at the higher frequency range (Figure 3b ) the contribution played by currents near the surface plays an ever increasingly important role. From the electron microscope and AFM images of Figure 2 it is clear that the packing of Ag nanoparticles is better than that of thick film Ag sample with the result that the former has a lower surface roughness than the latter by about a factor of three. This higher packing and lower roughness results in enhanced electrical conduction and lower losses at the higher frequencies.
Control of the surface roughness of the conductor at high frequencies is therefore a general important material consideration in device fabrication. These results here demonstrate that metallic nanoparticles offer superior electrical performance than conventional high temperature thick film metals. The added advantage of the use of lower sintering temperatures may also find applications in flexible high frequency electronics which employ temperature sensitive substrate such as antennas on curved surfaces. Furthermore the characteristics of SRR microwave metamaterials are known to depend on the ohmic resistance due to damping and the energy lost by radiation loss 23 . Controlling the ohmic losses will therefore result in improved transmission resonance characteristics and the Q factor of SRRs. Our results demonstrate that between 80 -220 GHz that nAg based materials have reduced electrical loss over conductors made from micron-sized grains of silver.
CONCLUSION
In summary, we have characterized the high frequency electrical behavior of nAg based conductors up to 220 GHz. We have shown that for frequencies in excess of 80 GHz the electrical losses from samples fabricated from silver nanoparticles are lower than similar conductors fabricated using thick film silver conductors fired at much higher temperatures. The lower loss at higher frequency are attributed to the lower surface roughness found with the nanoparticles due to better packing and may open opportunities for low temperature fabrication of antennas and for sub-THz metamaterials with improved performance. 
